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SUMMARY

Muiticomponent fluoride salt mixtures were characterized for use as latent
heat of fusion heat storage materials in advanced solar dynamic space power
systems with operating temperatures in the range of 973 to 1400 K. The melting
points and eutectic compositions for many systems with published phase diagrams
were verified, and several new eutectic compositions were identified. Addi-
tionally the heats of fusion of several binary and ternary eutectics and con-
gruently melting intermediate compounds were measured by differential scanning
calorimetry. The extent of corrosion of various metals by fluoride melts was
estimated from thermodynamic considerations, and equilibrium conditions inside
a containment vessel were calculated as functions of the initial moisture con-
tent of the salt and free volume above the molten salt. Preliminary experi-
mental data on the corrosion of commercial, high-temperature alloys in
L1F-19.5Caf, and NaF-27CaFp-36Mgf, melts are presented and compared to the
thermodynamic predictions.

INTRODUCTION

Latent heat of fusion phase change materials are being considered for heat
storage in advanced solar dynamic space power systems. 1in order to keep the
total weight of the space power system to a minimum, the phase change material
must have a high heat of fusion per unit mass. It is anticipated that heats
of fusion greater than 0.4 kJ/g would be needed. Also to minimize the weight
of the container material, use of a phase change material with a high heat of
fusion per unit melt volume would be desirable. Finally as current efforts are
being focussed on Brayton and Stirling cycle heat engines with operating tem-
peratures in the range of 973 to 1400 K (ref. 1), the melting point of the
phase change material must 11e within this temperature range.

There are only a few inorganic fluoride salts, i1.e., NaF, KF, and LiF,
which meet the melting point and heat of fusion requirements. These fluorides
can be used only if the operating temperature of the heat engine is compatible
with their melting points; this condition puts severe restrictions on the
choice of the operating temperature for the heat engine. However, this Timi-
tation can be removed if fluoride based eutectic mixtures and/or congruently
melting intermediate compounds are considered. Unfortunately 1ittle, other
than compositions and melting points, is known about such systems, and in many
cases the published phase diagrams are of questionable accuracy because the
data determined by different authors are often in poor agreement. In addition
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to the need for reliable thermochemical and thermophysical data, compatibility
of the multicomponent fluoride salt systems with possible materials of con-
struction must be studied to select a suitable containment vessel material.

This report describes the results of our studies on (1) characterization
of multicomponent fluoride salt mixtures, and (2) corrosion of commercial, high-
temperature alloys in several fluoride melts. The melting points and eutectic
compositions for many systems with published phase diagrams were experimentally
verified, and new eutectic compositions with melting points between 973 and
1400 K were identified. The heats of fusion of several binary and ternary
eutectics and congruently melting intermediate compounds were experimentally
measured by differential scanning calorimetry. Additionally thermodynamic cal-
culations have been made to determine the probable extent of corrosion of
metals in fluoride melts with and without the moisture in the system. Prelimi-
nary results on the corrosion of commercial, high-temperature alloys in fluor-
ide meits will also be presented.

THERMAL ANALYSIS AND HEAT OF FUSION MEASUREMENTS
Experimental Procedure

Melting points and heats of fusion of salt mixtures were measured in a
Perkins Elmer DTA 1700 instrument. Heat of fusion measurements were made by
utilizing the instrument in the differential scanning calorimetry (DSC) mode.
A detailed discussion of the salt purification steps and exact experimental
procedures are reported elsewhere (ref. 2).

Systems With Published Phase Diagrams

Table I gives a summary of heat of fusion and melting point measurements
for eutectic compositions and congruently melting intermediate compounds for
salt systems with known phase diagrams. This table also contains the melting
points and heats of fusion of pure fluoride salts for comparison. With the
exception of eutectic compositions in the LiF-MgF, and KF-MgF, systems and
the congruently melting intermediate compound NaMgF3 in Naf-MgfFp, there was
close agreement (within 5 K) between the measured and published melting points.
The melting temperature for the intermediate compound NaMgF3 was found to be
8 K lower than that of Bergman et al. (ref. 7), and the melting point for
KF-15MgF, was 12 K higher than the pubiished data of DeVries and Roy (ref. 8).

There appears to be considerable uncertainty in the published LiF-Mgf;
phase diagram. Bergman and Derqunov (ref. 7) investigated this system and
found a complete series of solid solutions between LiF and MgF, with a mini-
mum meliting point at about 33 mol % MgF>. The phase diagram data of Counts
et al. (ref. 9) show extensive solid solubility on each side of the phase dia-
gram with an eutectic at 36 mol % MgF,, although the existence of the
eutectic was not conclusively established. Limited thermal analysis experi-
ments by Roake (ref. 10) suggest the presence of an eutectic with a meiting
temperature of 997 K; unfortunately Roake's study was limited to only 15, 40,
and 50 mol % MgFp, and the exact eutectic composition was not determined.
Because of poor agreement among the investigators of the LiF-MgF2 system, we
have conducted in-depth thermal analysis experiments for LiF-MgFp mixtures
in the range of 0 to 50 mol % MgFp. The thermal analysis data, shown in
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table 11, indicate an eutectic at about 30 mol % MgF, and with a melting
temperature of 1001 K.

Among the salt systems with published phase diagrams, there are only a few
salt mixtures with very high heat of fusion per unit mass: LiF-19.5Caf, at
0.82 kJ/g, NaF-60Mgfo at 0.71 kJ/g, KF-69Mgf, at 0.77 kJ/g and KMgF3 at
0.71 kd/g. As shown in table I, all the above salts are also likely to have
high heat of fusion per unit 1iquid volume. Additionally LiF-20Cef3 seems to
be a suitable candidate if high heat of fusion per unit liquid volume is
required, even though it has a relatively low heat of fusion per unit mass
(0.5 kJ/g). This is due to the higher 1iquid density (~4.63 g/cm3) for Cefg
(ref. 6) as compared to the alkal} fluoride melts (~1.8 and ~1.8 g/cm3 for LiF
and NafF melts respectively) (ref. 5).

Identification of New Eutectic Compositions

Since LiF has a very high heat of fusion per unit mass (1.08 klJ/g), it is
anticipated that an eutectic between LiF and another compound would also have
a reasonably high heat of fusion per unit mass provided there is no extensive
solid solution between the two. The heat of fusion measurements (table I) show
that the intermediate compounds NaMgfq and KMgF3 have very high heat of fusion
per unit mass (0.67 and 0.71 kJ/g, respectively); therefore, examination of mix-
tures of these intermediate compounds and LiF could reveal useful phase change
salts. To identify possibie eutectic compositions in these systems, the par-
tial phase diagrams for the two quasi-binary systems have been determined by
differential thermal analysis. As can be seen in figures 1 and 2 both
LiF-NaMgF3 and LiF-KMgF3 have eutectics with extremely 1imited or no solid sol-
ubility within the composition ranges investigated.

MgF, also has a very high heat of fusion per unit mass and a high melting
point; therefore i1t is of interest to identify potential Mgfp-base systems,
particularly, for higher temperature (1300 to 1400 K) applications. The par-
tial phase diagram for one MgFp-base system, MgFp-Cef3, has been determined,
and it has an eutectic at 1393 K with no solid solutions (fig. 3).

Table III lists the melting points and heats of fusion for the three newly
fdentified eutectic compositions. The eutectic for the quasi-binary LiF-KMgF;
system has a very high heat of fusion per unit mass (0.86 kJ/g) and thus would
be attractive for space power applications. Even though it has a low heat of
fusion per unit mass, the MgF,-Cef3 eutectic might be attractive on a vol-
ume basis.

Problem of Undercooling

Undercooling was observed in many systems, and table IV shows the extent
for pure salts and mixtures. Because of considerable scatter in undercooling
for different runs of the same sample, a range of values for the extent of
undercooling is shown in table IV. The reported undercoolings are for very
small sample sizes and high purity materials normally used in the thermal anal-
ysis experiments. Since small, high purity samples tend to undercool more than
large, less pure materials, the degree of undercooling is expected to be lower
in actual service conditions. Thus for many salt systems where the undercool-
ing is 20 K or less, there might not be any practical problems. However when
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the intermediate compound NaMgF3 was formed, the underccoling was considerable
(>30 K), and it could be a serious problem in actual service conditions if
NaF - Mgf,-based systems are used.

THERMODYNAMIC CONSIDERATIONS FOR CORROSION OF METALS IN THERMAL
ENERGY STORAGE SYSTEMS

A schematic of a thermal energy salt container is shown in figure 4. It
has been partially filled and then sealed by welding in either an inert atmo-
sphere or a vacuum. The salt-filled container is placed in a heat transfer
fluid, which during the sunlit portion of each orbi (about 1 hr) provides the
energy to melt the salt. The heat stored in the phase change material is then
extracted by the same heat transfer fluid during the eclipse portion of each
orbit (~1/2 hr), as the salt solidifies. Since the atmosphere above the salt
js initially inert, the primary mode of attack is expected to be direct reac-
tion of the metals with the salt melt. However, additional modes of degrada-
tion could be introduced if the salt contains impurities such as water. 1In the
following, thermodynamic calculations are presented to define the equilibrium
conditions for possible corrosion reactions. For a given set of conditions,
the equilibrium state represents the maximum extent of ccrrosion; therefore it
would play an important role in assessing the long-term 1ife of a containment
material.

Methodology of Calculations

The equilibrium calculations were performed between 1000 and 1300 K by
utilizing the concept of "extent of reaction" (refs. 11 and 12) and for one
mole of salt in the container. For temperatures below the melting points of
the salts, the Gibbs standard free energy for liquid fluorides were computed
by standard thermodynamic procedures (ref. 13) utilizing the heat of fusion
data at the melting point and the heat capacity as a function of temperature
for both the 1iquid and solid states. Wherever possible the thermodynamic data
were taken from Barin and Knacke's compilations (ref. 3); however the thermo-
dynamic properties for several 1iquid fluorides (1.e., CrF,, Crfg3, NiF), Fef,,
and Cofp) are not known and had to be estimated. While the main features of
the calculations are given; the detailed descriptions are elsewhere (ref. 14).

Reaction of Fe, NY, Co, Cr, and Al with Fluoride Melts in an
Inert Atmosphere

In the absence of an oxidizing atmosphere, corrosion of a pure metal Me
(Me = fFe, N1, Co, Cr, or Al) in an alkalil fluoride (MF, M = L1, Na, or K) melt
would occur by the reaction

X Me(s) + y ME(1) = MexFy(1) +y M(1) (1)
where the underlining denotes that the species are present at reduced activity.
For N1, Co, Fe, and Cr the relevant Me,F, compounds are NifF,, CoFp, fef,,
CrFp/CrFg, respectively. Although the reaction of Al with MF would result in

formation of A1F3, the heat of mixing data for MF-A]F3 melts (ref. 15) suggest

the existence of complex species A]Fg_ which 1s equivalent to the formation of
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M3Altg by the reaction of MF and AlF3. Therefore the reaction of Al with the
MF melts can be written as

b MF(1) + Al(s) = M3gATFg(1) + 3 M(1) (2)

The equilibrium content of MexFy (for Ni, Co, Fe, Cr) and M3Alfg in the
melt determines the maximum extent of corrosion, and the purpose of thermo-
dynamic calculations is to estimate these concentrations.

Figure 5 shows the calculated equilibrium concentrattions of various metal
fluorides in alkall fluoride melts at 1100 K for corrosion of the pure metals
under an inert atmosphere where ideal solution behavior was assumed for the
melt. In all three systems the tendency for metals to corrode increases in the
order: Ni, Co, Fe, Cr, Al. The equilibrium concentration of M3Alfg in the
molten salts is so high that alloys containing significant amounts of Al are
expected to suffer severe corrosion. Even though these calculations were per-
formed for unit activity, the same conclusion would still hold when Al is pre-
sent at a reduced activity. For example, taking the activity of Al in NijAl
(the strengthening phase in Ni-base superalloys) to be con the order of 10-9
(ref. 16), the equilibrium concentrations for Al in Lif and NaF melts at 1100 K
would be 41 and 7360 mol ppm, respectively. Although these Al concentrations
are lower than those for unit activity, they are sufficient to cause major cor-
rosion of Al-containing alloys.

From figure 5 it can be seen that LiF is the least corrosive salt while
Naf and KF are ahout equal in their attack. The equilibrium concentration of
Ni, Co, Fe, and Cr fluorides in a LiF melt are quite small (<<1 mol ppm); thus
alloys containing these elements are expected to be corrosion resistant. Ni,
fe, and Co are also anticipated to be free from damage in NaF and KF melts; on
the other hand, alloys containing Cr might be corroded by these two melts
because of higher solubility of C(r in the form of CrF, (for example,
12 mol ppm for Crfp as compared to approximately 0.1 mol ppm for fefp). It
appears that the formation of Crf3 is not important for corrosion of Cr due to
1ts much lower solubility (about 2 orders of magnitude iower than that as
Cer).

The equilibrium concentrations of different metal fluorides in figure §
were calculated under the assumption of ideal solution behavior in the melt,
that 1s, the activity coefficient (y) of MexFy in the melt was assumed to
be unity. Although activity coefficlients for MeyFy in alkali fluoride
melts have not been measured; in systems for which phase diagrams are avail-
able, they can be estimated from an analysis of the phase diagrams (ref. 17)
and are shown in table V. As the activity coefficients are considerably less
than unity, a strong negative interaction seems to exist in all the MF-Me,F
type melts. In view of the estimates in table V, the activity coefficient of
MexFy for systems without phase diagrams (all LiF-MeyF, systems and NaF-Crfy)
will be assumed to be 0.001 in the following equilibrium calculations.

The effect of the nonideality and temperature on the equilibrium concen-
tration of MexFy in a LiF melt is shown in figure 6. Compared to the ideal
solution behavior (fig. 5), there is an order of magnitude increase in the con-
centration of MeyFy at 1100 K; even with such an increase, the equilibrium
concentration of N¥F2 s sti111 less than 0.01 mol ppm. Over the 1000 to
1200 K temperature range shown in this figure, the amounts of MexFy in the
molten salts would increase about one order of magnitude. It is anticipated
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that the corrosion of Fe and N1 would be minimal because of the low concentra-
tions of FeFp and NiF5; on the other hand, the equilibrium concentration of
CrFp at 1200 K (14 mo1 ppm) is probably sufficient to cause some attack of Cr
containing alloys at this temperature.

Figure 7 shows the equilibrium MeyF, concentrations between 1100 and
1300 K in a NaF melt utilizing the estimated activity coefficients for MeyFy.
Since the equilibrium concentration of NiFp is very low, Ni is expected to ge
corrosion resistant. On the other hand, fFe will probably suffer from signifi-
cant corrosion, particularly at higher temperatures, as the final concentra-
tions of Fef, in a NaF melt at 1200 and 1300 K were estimated to be 25 and
73 mol ppm, respectively. Additionally the equilibrium concentrations of Crfp
were computed to be 100 mol ppm for 1100 K and 900 mol ppm for 1300 K; thus
Cr-containing alloys might not be suitable for Naf-containing meits.

Corrosion of a metal Me in MgF, or Cafp melt can be written as

x Me(s) +y AFp(1) = MexFy(l) +y A(1) (3)

where A represents either Ca or Mg. Calculation of the equilibrium concen-
tration of NiF, and Crfy in a hypothetical MgF, melt at 1100 K with the
assumption of ideal solution behavior in the melt yields 1.9x10-5 mol ppm for
NiF, and 0.08 mol ppm for CrfF,. These values are three orders of magnitude
lower than those determined for corrosion in a Naf melt at 1100 K (fig. 5).
Due to the greater thermodynamic stability of CaF,, the extent of corrosion in
a CaFp melt should even be lower than that in the Mgf).

Reaction of Refractory Metals Nb, Mo, W With Fluoride Melts Under an
Inert Atmosphere

There are no known condensed Nb, Mo, or W fluorides between 1000 and
1400 K; instead gaseous refractory fluorides are the stable phases. Conse-
quently, the reaction of a refractory metal Me (Me = Nb, Mo, or W) with an
alkalt fluoride MF can be written as

x Me(s) +y MF(1) = MexFy(g) +y M(1) (4)

Since a gas phase is involved in equation (4), for a closed system the extent
of the reaction would be a function of the empty space available inside a con-
tainer. Therefore all the calculations were performed as a function of a
dimensionless variable L which 1s defined as the ratio of the container vol-
ume to the molar volume of the salt meit. Table VI shows the amount of gaseous
refractory metal formed per mole of NaF. The extent of reaction is quite small
(<10-7 mol of metal consumed per mole of the salt) for all the refractory
metals; therefore no significant corrosion of refractory metals in Naf is
expected. While corrosion in KF will be very similar to that in NaF melts, due
to the greater thermodynamic stability of Lif, refractory metals should be even
less prone to attack in LiF than in NaF or KF.




Role of Moisture in Corrosion

Water is a common impurity in the halide salts, and it has proven diffi-
cult to remove from fluorides (ref. 18). Unfortunately, the reaction of alkali
fluorides with moisture generates gaseous HF by

ME(1) + Hp0(g) = MOH(1) + HF(q) (5)
2 ME(1) + Ha0(g) = Ma0(1) + 2 HF(3) (6)

Part of the HF gas will then dissolve in the melt by the reaction

HF(g) = HF(1) (7)

The simultaneous equilibria and mass balance constraints for reactions
(eqs. (5) to (7)) were used to determine the partial pressures of HF and H,0
(Pyr and Pyg) above the melt, the total pressure in the container (Pj), and
mole fraction of dissolved HF in the melt (Xyf(m)) as functions of the initial
moisture content in the salt and L ratios. &esu]ts of these caiculations for
NaF melts at 1100 K and an initial total pressure of 0.001 atm are shown in
figures 8 and 9. The gas pressures generated inside the container are strongly
dependent on the initial moisture content irrespective of the free volume. On
the other hand L 1is only an important variable when moisture levels exceed
100 ppm. From figure B8(d) it is clear that pressures greater than 1 atm can
be generated for high water contents and small volumes. WHile such pressures
could lead to mechanical failure of the containment vessel, they would not be
generated if the initial moisture levels are controlled to ~100 mol ppm or
less.

In addition to pressurizing the containment vessel, the presence of mois-
ture in the salt generates HF. Thus corrosion would take place both in the
melt, as aided by the dissolved HF, and in the free volume via attack from
gaseous water and hydrogen fluoride. Figure 9 illustrates that the concentra-
tion of dissolved HF for 100 mol ppm of initial moisture in the salt is on the
order of 10-4 mol per mole of Naf. If dissolved HF reacts with the metal con-
tainment vessel, serious corrosion problems could be anticipated. Furthermore,
generation of H, gas by the corrosion reaction

- Yy
x Me + y HF = MexFy vy H2 (8)

will increase the total pressure inside the container. Thermodynamic calcula-
tions for L equal to 1.1 and with the assumption that all the dissolved HF
reacts to form H, gas demonstrate (fig. 10) that the total pressure inside the
container will exceed 1 atm at a lower initial moisture content (~40 mol ppm)
compared to the case where there 1s no reaction between dissolved HF and the
container material (~250 mol ppm).

From the thermodynamic analysis it is clear that the moisture content in
NaF-based salts should be reduced to low levels, probably 10 mol ppm or less,
for prolionged container 1ife. A similar conclusion can alsc be made Lif- and
KF-based salt systems.




CORROSION EXPERIMENTS

As part of the work in support of an advanced solar dynamic power system,
corrosion studies in potential fluoride energy storage salts are being under-
taken. Because of the large body of fabrication, joining and mechanical and
physical property information which will eventually be required to build a heat
receiver/storage unit, this effort is basically being limited to commercially
available, high temperature sheet alloys; although in view of forementioned
thermodynamic factors, such alloys which generally contain Al and/or Cr for
oxidation resistance are probably not the best choice.

In brief about 30 Co-, Fe-, Ni-base and refractory alloys (table VII) have
been exposed to several eutectic salt mixtures (LiF-19.5Caf; which melts at
1039 K and NaF-27CaF-36MgFp which melts at 1178 K) at Ty + 25 K where Tp
is the eutectic melting point. Each experiment involved a metallic specimen in
contact with molten salt in a sealed, evacuated quartz capsule and/or open
alumina crucible under an argon atmosphere for times ranging from 50 to 500 hr.
Because residual water in the salt was deemed to be detrimental, the salts were
heated under vacuum prior to sealing (S10, capsule) or introduction of the
argon (A1203 crucible) to drive off excess Hp0. Upon completion of the
exposure, the alloy samples were examined for evidence of corrosion by metal-
lographic techniques.

Typical photomicrographs 1llustrating the types of microstructural damage
are presented in figure 11. The least noxious is a general attack consisting
of small, isolated near surface pores (fig.11(a); however it is apparent that
general attack can produce interconnected porosity which becomes infiltrated
with salt and leads to the stripping away of layers of metal (fig. 11(b)).
Intergranular corrosion, as shown in figure 11(c), is usually a more severe
form of damage with deep penetration into the alloy. Lastly metals which are
heavily corroded exhibit both general and intergranular effects (fig. 11(d)).
In any case as the proposed 1ife for the advanced solar dynamic system 1is
7 years or more, any signs of attack, either general or ‘intergranular, would
severely 1imit the usefulness of the alloy.

Because it was noted in other work (ref. 19) that the salts attacked the
quartz capsules during the corrosion exposures, there was concern that the
reactions among fluorides and Si0, biased the results. The data in figure 12,
which compares the depth of corrosive attack for several alloys exposed to
NaF-27CaF,-36MgF, in quartz capsules and alumina crucibles, reveals that the
behavior and ranking is similar for both experimental techniques. However the
extent of internal penetration is much greater for the alloys sealed in quartz,
and it s most likely due to the combined effects of Hp and S10; reacting
with the fluorides to form Si0p compounds. Additionally evidence that the
presence of quartz by itself does not greatly affect the degree of attack in
Naf-27CaF,-36MgF, 1s presented in table VIII. In this case there is generally
no difference (for example 304, 347, and Hastelloy-X) or very little deviation
(310, 316 mild steel, Hastelloy-N, Ni, and Ta) between the microstructural dam-
age found in test samples after 100 hr exposures in the molten eutectic adul-
terated or not adulterated with S10;.

A Visting of the depth of both general and intergranular corrosive attack
for the tests conducted in alumina crucibles is given in table VIII. It should
be noted that most of the LiF-19.5CaF, leaked out of the Al,03 crucibles during

the 500 hr heat treatments: however as the degree of corrosion for these tests
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scales with the 100 hr resuits (no loss of salt observed), the long term data
is probably valid. Since the alloying elements in the high-temperature mate-
rials do not vary in a systematic manner, it is difficult to make overall
statements about behavior, and only one distinct trend was found. For Ni-base
alloys immersed in the molten LiF-19.5Caf; eutectic, the extent of attack
generally increased with Cr content (fig. 13). A similar dependency was not
observed in the Cr containing Fe-base alloys where the depth of corrosion for
such alloys, which have between 16 and 27 percent Cr, was about 40 and 150 um
after 100 and 500 hr heat treatments respectively. Additionally the Co-based
materials were corroded by the LiF-19.5CaF, mixture with damage extending to
~100 ym after 500 hr of exposure. Based on the present results for the non-
refractory materials, only pure Ni appears to have sufficient corrosion resist-
ance for long term use with LiF-19.5CaF,. The alloy Hastelloy B (consisting
of N1, Mo, and Fe) might also be suitable in this salt melt.

The data for specimens which had been subjected to NaF-27CaF3-36MgFj
at 1203 K (table VIII) fell into three groups:

(1) The pure metals Mo and W and the alloys Hastelloy B and Nb-1Zr appear
to have undergone very little, if any, attack.

(2) The ferritic alloy 18 S/R, Hastelloy X, 800 and pure Ta exhibited dam-
age zones of about 40 um.

(3) A1l the remaining Co-, Fe-, and Ni-base alloys experienced ~10 um deep
corrosion.

In view of previous work with three other NafF-based eutectics (ref. 19), it is
not clear why the Ni-base alloys Hastelloy X and 800 were more severely
attacked than the other nickel-rich materials, or why pure Ni and Fe experi-
enced some corrosion.

While the thermodynamic calculations (fig. 6) indicated that
Cr-containing alloys should not be subject to attack in LiF-based melts, the
data in table VIII and figqure 13 show that this 1s not tne case for the present
experiments in L1F-19.5Caf,. Most 1ikely this behavior is a result of either
the included moisture which was not removed by the vacuum anneal prior to the
corrosion exposures or the moisture (~200 ppm) present in the argon gas; addi-
tionally it is possible that reactions between this eutectic and alumina cruci-
bles yielded chemical species which tended to increase the corrosivity of the
molten salt. Comparison of the data from the ternary NaF system (table VIII)
with the thermodynamic predictions (fig. 7) reveals that they are basically in
agreement. The refractory metals Nb, Mo, and W and the Ni-Mo alioy Hastelloy B
were not harmed, while the alloys with Cr experienced some microstructural
damage.

SUMMARY OF RESULTS

Multicomponent fluoride salt mixtures, suitable for use as latent heat of
fusion heat storage materials in advanced solar dynamic space power systems
with operating temperatures in the range of 973 to 1400 K, were characterized
via thermodynamic calculations and measurements and corrosion experiments.
Several new eutectic compositions were identified in LiF-NaF-MgF,, LiF-KF-Mgf,,
and MgFj-Cefg, and the melting points and eutectic compositions for many other
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fluoride base systems with published phase diagrams (for example LifF-19.5Caf,,
NaF-23Mgf,, etc.) were experimentally verified. The heats of fusion and extent
of undercooling for a number of binary and ternary eutectics and congruently
melting intermediate compounds were established by differential scanning calo-
rimetry and differential thermal analysis, and undercooling was found to be
significant for systems which form NaMgfj;.

Thermodynamic calculations were undertaken to estimate the corrosivity of
molten fluoride salts in the absence of water. Similar determinations in addi-
tion to an evaluation of the internal pressure were made for sealed, salt
filled containment vessels as functions of the initial moisture content and
free volume above the melt. Such analyses clearly indicate that all fluorides
must be essentially free of all included Hp0 (<10 mol ppm) to prevent attack of
common alloys. The results of corrosion experiments involving a large number
of commercial, high-temperature alloys in LiF-19.5CaF, at 1070 K and
NaF-27CaF,-36MgF, at 1203 K are given and compared to the thermodynamic
predictions.
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TABLE 1. - SUMMARY OF MELTING POINT AND HEAT OF
FUSION MEASUREMENTS FOR FLUORIDES WITH

PUBLISHED PHASE DIAGRAMS

Composition, Melting | Heat of Heat of
mol % point, | fusion fusion per
K per unit | unit volume
mass, of the melt,
kJ/g kJ/cm3

LAF-30MgF 1001 0.52 ¢1.07
Naf- 22CaF ,-13MgF , 1027 .54 .17
L1F-20Cef 1029 .5 by 58
L1F-19.5CaF, 1042 .82 by 5
KF-15Caf 1053 .44 €o.88
KF-15MgF 1063 .52 ©1.03
NaF -20MgF - 16KF 1077 .65 .3
NaF-32CaF, 1083 .6 by .4
NaF-23MgF 1103 .63 .
LiF 121 | %1.08 by .96
KF 1129 3 486 by.93
NaF-40MgF ,-20CaF, | 1187 .59 €1.33
CaF2-50MgF 1250 .54 1.34
NaF-60MgF 1269 . C1.48
NaF 1268 2 79 by 54
KF-69MgF , 1279 .71 .13
NaMgF , 1295 .67 €1 .48
KF-61Caf, 1328 .45 %.02
KCaF 1343 .46 €1.01
KMgF , 1345 T Cy.52
MgF, 1536 a 93 2.26D

apobtained from Barin and Knacke's compilations

(ref. 3).

PLiquid density extrapolated from published data

{(refs. 4 to 6).

CLiquid density estimated by assuming (1) ideal
solution behavior and (2) the molar volume of
each component at its melting point does not

change with temperature.
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TABLE I1. - PARTIAL PHASE DIAGRAM DATA FOR
THE L1F-MgF, SYSTEM

MgF, Solidus Liquidus
concentration, | temperature, | temperature,
mol % K K
5 1063 1103
10 1041 1088
15 1014 1063
20 1003 1043
25 41002 1020
28 41001 1001
30 a1002 1002
33 a100 1003
35 41002 1073
40 41002 1143
50 41002 1253

datutectic temperature.

TABLE III. - COMPOSITION, MELTING POINT, AND HEAT
OF FUSION FOR NEW EUTECTIC FLUORIDE SALTS

Composition, Melting Heat of Heat of
mol % point, fuston fusion per
K per unit [unit volume
mass, of the melt,
kd/g kJ/cm3
L1F-19NaF-]9MgF2 966 0.69 a1.39
(L1F-23NaMgF3)
L1F-13KF-13MgF , 1022 .86 3 .67
(L1F-15KMgF3)
MgF »-40Cef 3 1393 .42 ai.s

4L 1quid density estimated by assuming (1) ideal
solution behavior and (2) the molar volume of
each component at 1ts melting point does not
change with temperature.
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TABLE IV. - EXTENT OF UNDERCOOLING
FOR FLUORIDE SALTS

Composition, Degree of
mol % undercooling,d
K

L1F-30MgF » 0
L1F-13KF-13MgF 0
NaF-22CaF -13Mgf 15 to 30
LiF-20Cef3 0
LiF-19.5Caf; 2 to 3
KF-15CaFp 0
KF-15MgF 0
Naf -20MgF - 16KF 20 to 30
NaF-32Caf> 30 to 40
Naf-23MgF» 60 to 80
LAF 0

KF 0
NaF -40MgF ,-20CaF; 40 to 60
CaF-50Mgf 3 to 20
NaF -60MgF 70 to 80
Naf 0
KF-69Mgf 5 20
NaMgFf 3 30 to 120
KF-61Caf? 30 to 40
KCaF3 20 to 30
KMGF 3 20 to 30
Mgf7-40Cef3 7 to 20

aRange of values corresponds to
the scatter in the data for
different runs.

TABLE V. - ESTIMATED ACTIVITY TABLE VI. - NUMBER OF MOLES OfF GASEQUS
COEFFICIENTS FOR DILUTE REFRACTORY METAL FLUORIDE (ng)
SOLUTIONS OF MexFy FORMED PER MOLE OF SALT fOR
IN MF - MexFy REACTIOM OF THE METAL
MELTS WITH A NaF MELT

Melt "exFy Activity Gaseous | Temperature, LOG(ng), LOG(ng),
system coefficient species K L=1.1 L = g
of MeyFy
NbF g 1100 -1.5 -1.3
LiF-CrF3 | Crfq 0.001 1300 -6.4 -6.2
NaF-Fefy | Fefp .002 Mofg 1100 -11.45 -11.3
NafF-Nifo | NiF) .0 1300 -9.7 ~9.6
NafF-CrfF3 | Crfg .001 WFg 1100 -10.4 -10.3
1300 -8.9 -8.75
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TABLE VII. - SHEET ALLOYS PROPOSED FOR COMPATIBILITY STUDY
Alloy Composition, at %
Fe Cr Ni Co Mn | Si Mo Nb Ta W Al C Other
Cobalt base
Haynes 188 1.7} 28.2| 24.1| 38.2| 0.7} 1.6] -—~-] -=—-| -—=-] 5.2 | ---]1 0.4 | 0.05La
H25 3.4) 24.1] 10.7| 52.5} 1.1 2.2} ————| -==-} —-=-- 1.1 -_—— A -
Nickel base
Hastelloy-B 5.9/ 0.4) 70.5| 0.8] 0.8 0.9 19.5 ---—-} ===} -=—-- 1. 0.3 | ——----
false N .51 19.8] 67.7) ----| 0.6} 0.9} 9.6] ----] —===] -==-- 0.7 B B
Hastelloy-N 5.1 8.3} 72.9]| ---- Y P I 1 1 [ ) AUV G R .5 .3 0.24vV
Hastelloy-S 0.9] 19.6] 66.1] ——-- .6 1.1110. m——] e .2 J11.0 | ———---
Hastelloy-X 22.1] 25.9] 41.5 1.9 .6 1.2 5.2 ———] —==- .2 .9 S e
Inconel 600 9.71 18.9] 69.9] ——-- .6 .28 [ e - .5 .24TH
Inconel 702 .5] 19.4| 73. —_— A . RPN RIS B 5.9 .5 L5714
Inconel 718 19.5) 22.9) 48.9| ---- .05 1.6 1.6 2.6 ——-|] ———-- 1.3 .5 1.2T74
Nimonic 75 .5] 24.4) 72. _—— B S T I I B 6 05| --——---
N1-200 SN P B 1 N (%) —— .2 B B e B Tt ———] ] e
Iron base
19-9DL 64.8] 20.41 10 —11 1.6 -=---] ----| 0.3] 0.2 --—-{ 1.4} 0.3T%
304 68.5] 19.8| 8.6 --—--| 1.3 | 1.6} ———-| -=--] —=—=| -==-- -—- 2] ———---
o 49 .4 27.4]| 19.1}) ————| 1.2 1.8) ——oo| === —me| - -——1 1.1 .5TH
316 62.2| 20. | 13.5| ———-| 1.4 | 1. 1.5 ———o| =] —=—-- S Y O
347 65.3] 21.4] 10.5| ----| 1. 1.4 ==-- S T [ (- - Y S
A286 (cw 50 53. 17.1) 22.5) ----} 1. 1.6 B Y F T B B .4 .4 3.1T4
percent)
Armco 18SRé 72. 19.1 1.8 -—-- . 2.7 —==—| ===-] ====] —-e-- 3.6 .2 .6TH
Inconel 800 45.1)] 22.6| 29.8| --—-- .b 1. ————] | ] - - .5 .4Cu
Mild steel 98.6| ——--] -~ =—— |} ---- .5 S (RN [N NGV | - 9 | —-----
N-155 31.51 25.1} 18.7{ 18.6] 1. 1.6 1.8 S o] —eeeo - .1 .60N
Nitronic 40 59.31} 23.1 7.4 ———1 7.1 1.7 ——o=f ==en]| mmee] =-mmo -—— .4 1.2N
PH14-8Mo 70.71] 16.4 8.3y - ——] -~ --- .6 1.3} ——-} ————- 2.5 . T
RA 330 43.81 21.9} 30. - 1.4 2.5 ———=| -=--} —=——=| --—-- ——— Y [
Refractory metal
Mo e | e e | e} o] —==1099.8) -} | - -—=10.2 | --e-u=
Nb-1/4r e e e | ] e =] —==-] 98.9} -] - — | === Y.02Zr
Ta SR S R R I B .21 99.5f ————- -— .15 .13N
W e e | mmem e} =] e} === ===} —=--| 99.85)] --- A5 —e=——--

AFerritic alloy; all

other iron base alloys are austenitic.
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TABLE VIII.

EUTECTIC FLUORIDE SALT MIXTURES IN ALUMINA
CRUCIBLES UNDER 1 atm OF ARGON

- SUMMARY Of ATTACK OF VARIOQUS ALLOYS CAUSED BY EXPOSURE TO

Composition, at % LiF-19.5Caf, L1F-19.5Caf;, NaF-27CafF,-36Mgf)
Melting point, K 1039 1039 1178
Exposure conditions | 100 hr - 1070 K 500 hr - 1070 K 100 hr - 1203 K
Alloy Depth of corrosive attack, um
General Grain General Grain General Grain
boundary boundary boundary
Co-base
H-25 - 12 - 95 - 8
- - - 70 -- a25
HS-188 - 47 -- 105 - 18
Fe-base
19-90L -- - - ——- - 13
304 - 20 - 185 - bs
30 17 - - 130 - 5
- - -- - - a10
316 - 45 -- 165 - 10
- - - - - a5
347 - - - —— — bg
A286 43 - -- ——— -- 10
Armco 18SR -- -- - -— - 38
Incoloy 800 - 45 - - 30 -
Mild steel - - -- 155 12 -
- - _— ——— —_— a__
PH14-8 14 - - —_— 10 -~
RA-330 - - -- 270 - 20
Ni-base
Hastelloy B 8 - 30 - - -
-— _— 20 —_— - -
Hastelloy N - 20 15 15 -- 15
-- -- - - - a2s
False N - 21 -- 135 -- -
Hastelloy S - - 90 -— 0 10
Hastelloy X - 45 - 140 - b3s
Inconel 600 13 34 90 30 - 13
Inconel 702 15 60 - _— - -
Inconel 718 13 24 45 120 - 8
-- -- -- - - aso
N1-200 - -- -- —— 8 -
- _— _— — 18 -
Nimonic 75 - -- 30 135 - -
Refractory
Mo — - - —_— - -
Nb-11Zr -- - - - - -
Ta - — - _— 60 -
- — - ——— 25 a__
W _— - - — - ——

dExposures conducted with a piece of quartz in the crucible.
bNo difference between exposures with/without quartz in crucible.
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